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CMOS Charged Particle Spectromclers

ABSTRACT

G. A. Soli, H. B. Garrett, and E. R. F~ossum

Center for SPOCC Microclechmics  Technology
JeL Propulsion Laboratory

California Institote of Tc(hnology
Pusadena,  CA 91 I(YI

Intcgrmed  circuits, manufacture(l in CMOS lechno]rrgy,  have been
dcvclopcd  as diffusion-based chrrrgcd p,articlc spectrometers for
space applications. Current designs are single-chip spcctromclers
capable of uniquely identifying mld coun[ing  elecxrons  ancl heavy
ions. A four-chip spectrometer designed 10 crrunl promrrs  and
heavy ions was flown on the Clcmtioline spacecraft. The
spectrometer proton dam is cmnpared m GOES-6 proton  data for
the 21 February 1994 solar prolon evenl,

CMOS PARTIC1.E SPIXTROMIHXRS

Current CMOS chip spectrometer designs are Active Pixel Sensor
(AI’S) chips that are also being developed by NASA as, light
weight, low power, optical irna:ers  [1]. APS spectrometers arc
being uti[ized on the Space Technology Research Vehicle-2
(STRV-2)  to count trapped protons and electrons. S1’RV-2  rmd
Clernen(ine spcctrmnclcrs  arc frrbricatcd in } 11) 1.2 ~m technology
through MOSIS.

Figure 1 shows the HP 1.2 }Lrn  techr]ology  cross section and the
labeling convention used in modeling crrlibrn(ion  data, where E2
is the particle energy above the chip, AE3 = 132- E3 is the energy
lost in the over layer, and A134 = B3 - E4 is the energy cleposiled
in the charge collection layer.
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Figure 1. 11P 1.2 pm technology labeling convention ml layer
thicknesses used in modeling crrlibmtions.

Proton energy as a function of range is computed usil~g the fi{
equa(ion  shown in Figure 2. This equation is derived from a fif to
the Transport Reactions In Matter (l’RIM) [2] comprrlcr  code. The
error bars indicate lm~g, itudinai  range s~raggling.
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Figure 2, fit to l’f{IM generated proton range as a function of
(!nergy in silicon. ‘I”hc  mm bars indicate IOngiludinti  straggling.

The Clcmen(inc  protml spcctrcrmeter  design, SRAM cell, is an
in(egml  spectrometer j3], All particles depositing more than the
threshold energy are counted. Representative chips from the flight
fabrica( ion run were calibrated  using the Calmch Tandem Van de
Gr&~ff  pro(on accelerator. Calibration dam was taken at normal
inciderlce witi  0.75, 1,0, arid 2.0 MeV protoms.  The mean value
ducshc)ld energies, w’here half LI~e protons ,are counted, are plot~ed
in Figure  3. The p] o[on calibration data points are the mean
values of dle delta offset voltage, AV P, where  one-half WC
protons Ililtins a cell sensitive volume cause the cell 10 flip. The
delta offset  vol[agc is the operating offset voltage minus the
spon[aIIeous ftip voltage. “flc spontaneous flip voltage is the
offset volla:e value where one-!~a]f  the SRAM cells have
Spontaneously flipped.

l’he proton dam caliblaicd the 1.2 ~rn technology SRAM at an
upset capacitance, Ctl/K = 2.667 (MeV/V), where K = 44.2
(fC/McV)  for protrrrl proctuccd ionim[ion per uniL energy loss in
silicor}. l’he rncasurecl cnc.rgy, AE4 shown in Figure 3, is given
by, A14 = (Cu/K) x (AVP). The 1 h4cV energy window, ShOWn
in Figure 3, is the measure of the SRAM response to protons in
the space environmcll[.  lle response curves are compu[ed by
solvinp  the TRIh4 fit cqualion shown in Figure 2 for energy as a
function of range. I’hc rnaximurn cordc lengths are AR3 = 6.78
pm and AR4 = 11,46 pm.
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Figure 3. Clcmcntinc  proton  calibration curves slmwing d~e
fligl~t  energy fl~msholdar~dtiel  MeVwide  el~ergy  wil~d(~w[ltm\’e
the flight threshold.

CI.Eh~IW’INE  DATA

On CYcmentine the proton energy spectrum was measured by
counting protons in the 1 McV wide energy window with four
chips each behind a different shielding thickness. The shields
consisted of 10 mi] kovar  chip lids. The O-1id chip had a hole,
drilled through its lid cwcr the chip and [he hole was covered with
a 1 mil aluminium  ccjoivalcn[ aluminized kapton dust cover. The
chip-lid shields rcduccd  the extcrwrl  environment promn erwrgy
and flux. The flux reduction is given by d~e cnvironmen[
fractions, fe. l’he environment fractions were compu~cd  wi [h Ihc
Novice code from a 2n-sr omnidirectional flucnce of 1.96E9
(proKms/cn12-McV)  at all energies (0.1 [o 100 h’feV) outside the
shields. The proton flucnce is reduced by the anloun[ fe inside [hc

shields. l’he resulting cnvirmnmen[  fractions as a function  of
pro[on  cncr:y  inside the shields is shown in Figure  4. The 1
hfeV wide energy window is also shown.
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Figure 4. environmental fraction rrs a func[ion  of proton energy
inside lid shields. The 1 McV wide proton scnsi[ivc  window is
shown.

Table 1 lists the cx[cnlal cnvironmcn[  encr-gy windows, Emin tO
Emax, measured in the 1 hleV wide energy window shown in
Figures 3 and 4, as a frrnc[ion of shic]d  thickness. The mean
value of the environment fractions inside the energy window are
also Iislcd in table 1.

Table 1. extcnlal cn\’ironmcnt  energy windows and inlernal
environment fractions, fc, as a function of shielding.
—— —.-.
kovat  shickls

E

Elnin 13mx fe mean value

–—.z ~4CJ’)(chff - roils) (Mcv) (0.7-1 .7 hfeV)—. ——-.
P] - () 2.16 3.16 0.261  f0.031_.— .
P2 -10 11,81 12.81 0.072?0.009
‘—— ]r59:P?l -20 17.96 o.047io.oo7.__— —.. .—
P4 -30 ~]()~ 2~,~4 0.037*0.006— —  — _L. -——

l’he Clcmentinc spectrometer is sensitized to protons for 100
seconds, every other 100 second period, for one hour, giving an
on tin~c”, fraction, for,, of 0.5. Durins the other 100 second Period
the threshold is liflcd above the cornprr[ed peak value, shown in
Figure 2 for pro[ons,  to rncasurc proton induced nucle,m reactions.
l“hc energy window widd],  AE measured in Figure 2, is 1 MeV.
l’he in$trumcn[  is dcsi~ned wi[h a 2rr-sr  field of view, Q. The
pixel sensilive arm !Ms an as drawn cross section, 0, of 42. I2
pm2. ]lach pixc.t can O]IIY count one proton in each 100 second
pro[on  scnsi[ivc pcl iml and dwre arc 18 sensitive periods each
hour. ‘f’here are 4096 pixels, N’1, on each chip and N is the
measured number of counts per hour in each chip. The
spec[romcler  m e a s u r e d  h o u r l y  fluencc,  F, in uni[s of
(pm[ol[s/cm2-sr-h4  eV-hr)  outside the shickls  is given by,
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Figure 5, comparison of Clcmen!inc  data to f3013S-6  data during
lhc 21 Feb.  94 solal prolon cven[. l’hc p r o t o n  spectrornctcr
sensitivity of onc counl per hour is shown.
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The Clcmcntine spectrometer, F from Equa[irrn 1, and GOES-6
hourly flucncies  arc plotted in Figure 5. Ilc GOES-6 cxternal-
cnviromncnl  protcm-energy windows, Emin and Enmx, are, 1>1 =
0.6 to 4.2 MeV, P2 = 4.’2 to 8,7 McV, 1)3 = 8.7 to 14 McV, and
1)4 = 15 to 44 MeV.

The Clcmentine  and GOES-6 energy spectra for the total
measured fluence on 21 Feb. 94 are shown in Figure  6. ‘1’hc data
poin[ energies are Erkcn 2( (hc center of [he energy windows,
(Emin + Emax)/2,  l is ted in Table 1 for the Clementine
instrumcn( and above for the GOES-6 instrrrmen[.
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F i g u r e  6 ,  Clcmen[ine  spacec ra f t  and GO’ES-6 cxlernal
cnvironmcnl  promn energy spcclrrr  on 21 Feb. 94.

APS SPECI’ROME’I’l;R  BENEF1’IS

Particle idenlifica[irm regions are shown in Figure 7. T h e
measured energy in these regions is rrniquc  for each particle type.
The APS design (Source Follower) is a cliffcrcn[ia]  spcctromc[cr
where the prrlsc hcigh[  associnlcd wilh each mcasuffxl energy is
histog,rammcd  in[o a differential encr:y  spectrum. Illis allows [hc
APS to operate with unity on-[imc frac[irm, f(~ll.
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Figure 7. }11’.1.2 Nm technrrlc):y  memurcd  energy reg!ioms [hnl
arc unique to each p<articlc lypc and a:aill  the prolon 1 McV wide
energy window.

The AI’S design also exlends CMOS spectrometers into the
clcckml rcgicm shown in Figure 7. ‘he APS room temperature
noise floor  is measured w~ilh 5.9 kcV X-rays and this is compared
10 the SRAM spon[arwous  tlip curve derivative in Figure 8. The
APS X-ray spectrum was taken af[er  a 1 krad silicon total CO-60
dose. q 1X AI’S  noise is abou[ one quarter fixed patlcrn, one half
liTC, aTId onc half nll other smrrccs including radiation induced
dark current. q’hcsc effcc[s  and [here fabrication, design, and
operational solutions arc being studied at [his time. The SRAM
noise is fixed pa[[en) dominated, radiation insensitive, and h,m no
Lark current component.
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CON(’LLJS1ONS

The Ch40S c!largcd  p:uticle spectrometer 1 h4cV wide energy
window anct shield filter approach to measuring ch,arged par[icle
energy spcctrunt in sp:icc has been proven M a low mass and low
power rnclhod. ‘ll~c differential spcctromctcr  APS design approach
allows  unity on tinle frac[ion operation. The APS noise floor
ex[end~ the CMOS charged p.article spectrometer method in[o the
electron region. “1’hc  S’I’RV-2  flight will verify the APS CMOS
chm’ged particle spectrometer as a low cost method of collecting
trappe(l charged parliclc dnta for replacing AE8 and AP8 models,
the intrrna{ional  radiation design s[andmls used in carlh orbiting
spacecJ  af[ Ltcsi:ll.
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